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Overview 
 
The advent of conductive textiles has allowed the design of much more 
lightweight and cheaper electromagnetic barriers than used to be with wire 
mesh and compact materials. Although nowadays it is possible to calculate the 
Shielding Effectiveness (SE) for wire mesh and compact shields, in case of 
conductive textiles the scenario becomes more complex. 
 
The aim of this work is to find a mathematical model dependent on frequency 
to determine the Shielding Effectiveness (SE) of several composite materials. 
Later on, the SE will be found for various sandwich structures of several layers 
using the previous composite materials and insulation layers between them. 
 
This work is structured in 5 chapters. The first chapter shows an introduction to 
several concepts in the field of electromagnetic interferences. Describes what 
is EMC, EMS and EMI, defines the most important sources of interferences, 
how they are coupled into another electronic circuit and the resulting 
consequences for health of exposure to high frequency electromagnetic fields. 
Chapter 2 introduces the basic shielding theory concepts and how to calculate 
the shielding effectiveness. Afterwards, Chapter 3 describes three methods to 
calculate the shielding effectiveness of different materials such as wire mesh, 
compact materials and composite textiles. Later on, Chapter 4 characterizes 
three conductive textile samples that will be used to validate the models 
described in Chapter 3. Finally, Chapter 5 shows a comparison between the 
experimental results obtained from measuring the shielding effectiveness of the 
three samples and the results obtained from modelling the samples with the 
three techniques in a Matlab environment. The accomplishment of this work 
has allowed carrying out a technical paper submitted to Radioengineering 
Journal. The technical paper is enclosed in this document as Annex A. 
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Introduction  1 
INTRODUCTION 
The advent of plastics and polymers is one of the most important events of the 
last century due to mechanical characteristics such as malleability and flexibility 
while light. In 1977, H. Shirakawa managed to synthesize a polymer with a 
conductivity of 105 S /m. It was therefore a synthetic metal, getting the Nobel 
Prize for research. These synthetic metals could have potential applications in 
many fields, such as: light batteries, electronic components, thin and flexible 
displays, electrochemical sensors, corrosion protection, anti-electrostatic 
discharge materials, electromagnetic shielding and radar absorbing materials 
(RAM). Because of the rising of electronic equipment in market there is an 
increasing number of radio receivers and transmitters, the problem of 
electromagnetic interference (EMI) gets worse.  
 
The aim of this work is to find a mathematical model dependent on frequency to 
determine the Shielding Effectiveness (SE) of several composite materials. 
Later, the SE will be found for various sandwich structures of several layers 
using the previous composite materials and insulation layers between them.  
 
Textile-based shields are useful in areas such as in the designing of EM 
barriers to shield devices’ joints against external interferences, protective 
clothes for workers in radiotherapy or military applications such as camouflaging 
against radars. Let’s consider that the first layers of an electromagnetic shield 
have the property of absorbing electromagnetic waves and the last layer has 
the property of reflecting it. In that case, the EM wave would be so attenuated 
that the radar will not be able to detect it. The shielded device has now become 
invisible. In the case of radiotherapy applications, because of the lightness of 
the material it is possible –for instance- to make curtains for windows containing 
most of the EM radiation inside the room. 
 
Shielding Effectiveness for the electric field,    , is defined as the ratio between 
the transmitted     and the incident field     (0.1). The magnetic shielding 
effectiveness,   , is defined as (0.2). 
 
 
           
   
  
                                                (0.1) 
 
           
  
  
                                                (0.2) 
 
 
Although not explicitly shown in (0.1) nor (0.2), the SE is dependent on 
frequency, field geometry, the point where the field is measured, polarization 
and field incidence direction. In the case of shielding barriers the SE is split in 
three main physical principles: Reflection, Absorption and Multiple Reflections, 
as defined in (0.3). 
 
 
                                                       (0.3) 
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Reflection of waves occurs when they reach the first boundary of a shield, 
which is done with a certain ratio dependent on frequency and the properties of 
the materials such as permeability and conductivity. Absorption is caused by the 
loose of heat as the electromagnetic wave goes through the barrier, and is 
dependent on thickness t and material’s skin depth  . By the other hand, 
attenuation caused by multiple reflections is due to the reflection of EM waves 
at both boundaries of a shield and can be ignored in case of good conductive 
metal barriers. A material can be considered as good conductive when its wave 
impedance is much less than that of free space:      . Wave impedance    
is the ratio of E-field intensity to H-field intensity of an electromagnetic wave. 
 
However, in case of multiple layers the formulation becomes more complex. 
Apart from all principles described above, inter-layer reflections take place, 
effect that this work aims to take into account in the overall Shielding 
Effectiveness calculation. Inter-layer reflections means that EM waves are re-
reflected from the boundary of a layer to the boundary of a layer placed before, 
fact that will happen indefinitely till the wave power is decreased enough so that 
becomes superfluous. 
 
This work is structured in 5 chapters. The first chapter shows an introduction to 
several concepts in the field of electromagnetic interferences. Describes what is 
EMC, EMS and EMI, defines the most important sources of interferences, how 
they are coupled into another electronic circuit and the resulting consequences 
for health of exposure to high frequency electromagnetic fields. Chapter 2 
introduces the basic shielding theory concepts and how to calculate the 
shielding effectiveness. Afterwards, Chapter 3 describes three methods to 
calculate the shielding effectiveness of different materials such as wire mesh, 
compact materials and composite textiles. Later on, Chapter 4 characterizes 
three conductive textile samples that will be used to validate the models 
described in Chapter 3. Finally, Chapter 5 shows a comparison between the 
experimental results obtained from measuring the shielding effectiveness of the 
three samples and the results obtained from modelling the samples with the 
three techniques in a Matlab environment. The accomplishment of this work has 
allowed carrying out a technical paper submitted to Radioengineering Journal. 
The technical paper is enclosed in this document as Annex A. 
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1 CHAPTER 1. ELECTROMAGNETIC INTERFERENCES  
This chapter introduces a summary of the background of electromagnetic 
interference problems, the way they affect devices and some methods to avoid 
them [2]. Chapter 3 will focus on Shielding of devices to prevent interferences 
from disrupting the normal operation of an equipment or device. 
1.1 Definitions: EMI, EMS and EMC. 
Electromagnetic interferences (EMI) are electromagnetic signals that 
unintentionally disrupt the normal operation of electrical or electronic system 
affecting electrical or magnetic circuits, although it may not be externally 
noticed. When the operation of any electronic device is disrupted by 
electromagnetic interferences, so it is unable to perform the function for which it 
was designed, it leads to a high technical and commercial risk. 
 
Electromagnetic interferences cause several types of distortions in both digital 
and analog systems. Voltage peaks in signal lines cause problems, but also in 
power lines either in the positive, negative or ground lines. When there is a high 
level of interference, such as in industrial environments, automotive, 
radiotherapy facilities, etc. transients can cause physical permanent damage to 
components or, sometimes, to people. 
 
Electromagnetic susceptibility (EMS) is the tendency of a device to become 
affected by interferences, or in other words, the property that the equipment has 
to function properly in an environment of interference. 
 
In order for interferences to become a problem, three main facts must happen: 
to exist a noise source that generates interferences, a coupling path that 
transmit them to the victim and a susceptible circuit or equipment. 
 
An electronic system that is able to function compatibly with other electronic 
systems and not produce or be susceptible to interferences is said to be 
electromagnetically compatible (EMC compliant) with its environment. 
Electromagnetic interferences are a problem in most electrical circuits and it is 
based on the radiation or conductivity of energy that adversely affects the circuit 
performance. On the one hand, a system is electromagnetically compatible with 
its environment if it satisfies three criteria: 
 
1. It does not cause interference with other systems. 
2. It is not susceptible to emissions from other systems. 
3. It does not cause interference with itself. 
 
On the other hand, once an electromagnetic interference has been detected, 
there are three ways to prevent it: 
 
1. Suppress the emission at its source. 
2. Make the coupling path as inefficient as possible. 
3. Make the receptor less susceptible to the emission. 
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1.2 Sources of interference 
Manufacturers’ specifications clearly show that passive components behave in 
a far different way from the ideal one, even sometimes in an opposite way to the 
one desired. Although it does not cause interferences by itself, it may be a 
source of problems. This section describes the actual models of the most 
common passive components such as resistances, capacitors and cables from 
the point of view of their possible derivation to EMI problems. 
 
1.2.1 Resistances 
The difference between both actual and ideal behaviour of electrical resistances 
is particularly evident at high frequencies, which means it is serious not only in 
fast digital circuits and radio frequency, but also when it comes to suppress 
transients which are a common problem in EMC. 
 
In general, DC resistance differs from AC resistance which decreases by 
increasing the frequency. In order to protect them from moisture they are 
covered with an electrical insulator, which is also a thermal protection that 
evacuates most of the heat through the terminals. The equivalent circuit of a 
carbon resistor is represented in Figure 1.1, where R is the DC resistance, L 
represents the inductance between both terminals of the resistor and C 
represents the overall equivalent capacity that would be higher for a higher 
value of power rating. 
 
C
L
R
 
 
Figure 1.1 Equivalent model of carbon resistors 
 
 
By analyzing the Figure 1.1 it is possible to obtain the actual impedance of the 
resistor, which is represented as (1.1). 
 
 
          
 
        
                                      (1.1) 
 
 
It is obvious that the actual impedance of the resistor is not only R, but it 
changes with frequency. Therefore it is important to take into account the actual 
behaviour of a resistor when designing a circuit to filter interferences. 
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1.2.2 Capacitors 
A capacitor’s capacitance is the property that allows the storage of electric 
charge with the application of a potential difference between two terminals. It 
changes with humidity, temperature, vibration, barometric pressure and 
sometimes with the amount of applied voltage.  
 
A real capacitor not only has a capacitance but also resistance and inductance 
due to its structure. Its equivalent model is represented in Figure 1.2, where RP 
is the resistance of its terminals, parallel-plates and contacts, L is the 
inductance of the terminals and parallel-plates, RS is the leakage resistance of 
the dielectric and the encapsulation and C is the capacitance of the capacitor. 
 
 
C
L
RP
RS
 
 
Figure 1.2 Equivalent model of capacitors 
 
 
By analysing the Figure 1.2 it is possible to obtain the actual impedance of the 
resistor, which is represented as (1.2) when the RP resistance is high enough. 
As shown in (1.3),    decreases with frequency and    is the resonant 
frequency. 
 
 
              
 
    
                                     (1.2) 
 
   
 
  
 
     
                                             (1.3) 
 
   
 
   
                                               (1.4) 
 
 
For frequencies above the resonant frequency, the value of    is negative, 
which means that the capacitor works like an inductance. Therefore it is of 
interest a high value of   , leading to a need for a low L. This is achieved by 
using short capacitors with terminals like the ones used in EMI filters. Moreover, 
the resonant frequency decreases as the capacitance is increased, meaning 
that capacitors with small value of capacitance are essential. It is important to 
take into account all considerations about the real behaviour of capacitors when 
designing EMI filters [2] and that all these facts can be a source of internal 
“interferences” between all components. 
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1.2.3 Inductors 
Inductors are basically a conducting wire shaped as a coil that creates a strong 
magnetic field inside the coil by means of the variable current that passes 
through it. The inductance of a coil depends on its size, the number of turns of 
wire and core permeability. Among all passive components, the inductor’s 
behaviour is the one most affected with frequency. A real inductor has, in 
addition to the inductance, a series resistor and a distributed capacity in the 
winding represented by a capacitor connected in parallel as shown in Figure 
1.3. Inductors are classified according to its core. The most common inductors 
are air core inductors and magnetic core inductors. 
 
 
C
RS L
 
 
Figure 1.3 Equivalent model of air core inductors 
 
 
Figure 1.3 shows the equivalent model of an air core inductor with perfect 
isolation between turns of wire, where its actual impedance can be 
approximated as (1.5) if the value of RS and L are small enough. 
 
 
          
 
         
 
   
        
                                  (1.5) 
 
 
The equivalent inductance is represented by (1.6), and clearly shows that at 
high frequencies, the inductance becomes negative. It means that the coil 
would work like a capacitor, being the overall performance of the circuit not as 
the one expected. 
 
 
   
           
                      
                                  (1.6) 
 
 
1.2.4 Cables 
The interconnection of devices is done not only with one wire, but by means of 
a set of wires that make up a cable. Therefore, in addition to the resistance and 
inductance of the cable also exists a capacity and insulation between them that 
determines its overall frequency response.  
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The DC resistance of a cable is determined by its length, section and material. 
To prevent short circuits the cable wires must coated with an electrical insulator, 
which allows grouping several wires in a single cable. The isolator determines 
the capacity and impedance of the cable. When taking into account the 
simultaneous presence of several wires, a problem of coupling among them 
arises (discussed in section 1.3). 
 
1.2.5 Transients, switching and discharges 
Transients are one of the most common sources of interference in electronic 
equipments. This phenomenon may have a natural origin such as lightning or 
otherwise can be caused by electrical devices that handle relatively high voltage 
or current values compared with electronic devices. 
 
In the case of transients due to the aperture or closure of switches, since our 
interest is focused on the phenomenon that occur in the switch, the rest of the 
circuit is considered as source or load taking into account a model with R, L and 
C constants shown in Figure 1.4. VG is the equivalent Thevenin voltage source, 
R1 and L1 are the equivalent impedance of the source, R2, R3 and L2 are the 
equivalent circuit of the load, RS is the contact resistance, and C1 and C2 are the 
parasitic capacitances. 
 
C1
L1
C2 R3L2
R1
Switch
RSVG
R2
 
 
Figure 1.4 Basic circuit for the study of transients on switch opening and closing 
 
 
In the case of switch closure and inductive loads the value of the capacitor C2 is 
considered a parasitic capacitance so that the circuit is an R1 L1 C1 over-
damped circuit. C2 is charged during a very short time, so the load current can 
be assumed equal to zero. Therefore, the voltage applied to the load is not a 
step but an exponential curve. 
 
In the case of switch closure and capacitive loads the value of the capacitor C2 
is high, leading to a low damping factor and in turn to a damped oscillation. 
Therefore, the voltage applied to the load is not a step but a damped oscillation. 
 
In order to study the transient arisen from opening the switch, the circuit in the 
Figure 1.4 must be divided in two independent parts. One part is located at the 
left of the switch and another at the right. At the instant preceding the switch 
opening, there is a voltage VO and current IO. The load is modelled as a RL 
circuit in this equivalent circuit, where the parasitic capacitance C2 determines 
the shape of the transient. Each of the parts of the circuit generates a 
transitional damped oscillation of different frequency. The frequency    at the 
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source side is usually higher than the frequency     at the load side because of 
the values of L1 and L2. 
 
There may also be transients produced by the connection or disconnection of 
transformers, short circuits, electrostatic discharges or lightning. Although 
lightning may directly affect an electronic system, it is more likely that the power 
network transmits the bolt discharge to the equipment. The next section 
describes some of the disturbances that can be found in power lines. 
 
1.2.6 Power line disturbances 
Power networks can be affected by disturbances either in the transmission and 
distribution stage or in the exploitation stage. The ideal characteristics of the 
power network are: 
 
- Ideal voltage generation and no short circuit impedance. 
- Sinusoidal waveform. 
- Constant amplitude and frequency. 
- Perfect balance of the three-phase power system. 
 
Disturbances that take place at the transmission and distribution stage are 
changes of frequency, switch of lines, atmospheric discharges, harmonics, etc. 
Disturbances that take place at the exploitation stage can cause changes in 
amplitude and harmonics. The criterion used by European regulations to 
classify disturbances in low voltage electrical networks specifies the following 
frequency ranges [2]: 
 
- Disturbances of low frequency,         . 
- Disturbances between 10 and        . 
- Disturbances between         and      . 
- Disturbances between       and       . 
 
1.3 Coupling of interferences 
Sections 1.3.1 to 1.3.4 show the physical phenomenon that introduces 
disturbances in electronic equipments. A coupling of interferences between 
circuits only takes place if there is a common impedance between both circuits 
or otherwise the circuit under study is affected by the electric or magnetic field 
created by another circuit. 
 
1.3.1 Capacitive or electrical coupling 
This type of coupling is caused by an existing capacitance between a circuit and 
a source of interferences. Figure 1.5 sketches the capacitive coupling of a 
disturbance V originated in a circuit L2 that affects a circuit L1 through a parasitic 
capacitance C between cables. The output voltage is affected by the 
interference causing an impulse of amplitude                   [2]. 
Chapter 1. Electromagnetic Interferences  9 
V L2
C
VG
RG
RLVS
L1
 
 
Figure 1.5 Capacitive coupling of an interference 
 
 
1.3.2  Inductive or magnetic coupling 
Inductive coupling is caused by common inductances between a source of 
interferences and an interfered circuit. Intensity variations in any cable modifies 
the magnetic field distribution around it, which in turn, the field variation induces 
electromotive forces in close circuits.  
 
Figure 1.6 shows the mechanism of inductive coupling. A current variation in the 
cable of the first circuit leads to a variation of the electromagnetic field that 
surrenders the cable. This variation induces a voltage in a circuit 2 that is 
proportional to the common inductance between both circuits and the variation 
of the current velocity. 
 
VG
RLVS
L
RG
i2
i1
1
2
 
 
Figure 1.6 Inductive coupling of an interference 
 
 
1.3.3 Conductive coupling 
Conductive coupling always takes place when there is a common impedance 
between two circuits. For example, if several electronic equipment share a 
common power supply VG that is connected as depicted in Figure 1.7, there are 
common impedances due to the cables’ connection. Although these cable 
impedances are normally resistive, at high frequencies their behaviour is 
inductive. 
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VG L1 L2 L3
 
 
Figure 1.7 Common impedances problem 
 
 
The scenario described above can be solved by establishing common 
connection points for both positive and negative terminals to the power supply 
as shown in Figure 1.8. Now, the common impedances among all circuits are 
only the ones of the cables from the power source to the common points, which 
should be designed to be as short and robust as possible. 
 
 
VG L3L1 L2
 
 
Figure 1.8 Solution to the common impedances problem 
 
 
Figure 1.9 shows how disturbances are caused by ground loops. Due to 
incorrect procedures of grounding, there is a potential difference between the 
load and power supply. A potential difference between the load and the power 
supply induce common mode currents flowing in the same direction on both 
lines, which causes a common return path to ground. 
 
 
VG
Line
L
 
Figure 1.9 Disturbances caused by ground loops. 
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1.3.4 Radiative coupling 
In the near field of a source of interferences, the fields’ properties are 
determined by the characteristics of the emission source. However, in far fields 
the characteristics are determined by the properties of the media where the 
wave is being propagated. The transition from the near to the far field is located 
at a distance from source of interferences of about     . Section 2.2 shows a 
further explanation about near and far fields.12.2 Electromagnetic or radiative 
coupling is the one studied in this project, which is focused on reducing the 
power of interferences by means of electromagnetic shielding. Section 1.6 
addresses the resulting consequences for health of exposures to high 
frequency electromagnetic fields of 100 kHz to 300 GHz. 
 
1.4 Susceptibility of electronic circuits and devices 
Both types of electronic circuits, analog and digital, are susceptible to 
interferences either inside or outside of its passband and even to low-power 
interferences. Radiofrequency signals coupled into circuits can be heightened 
by the presence of resonances due to parasitic capacitances. Its effect in 
semiconductors is modelled as an offset. The susceptibility to interferences of 
devices can be analyzed by means of its susceptibility ratio, which increases 
when increasing its passband (digital circuits) and when decreasing the noise 
level (analog circuits). 
 
Susceptibility in integrated circuits is dependent on the technology, since they 
use a different noise margin and bandwidth. Generally, the TTL technology is 
the most susceptible and the CMOS technology is the most immune to 
interferences. 
 
1.5 Grounding 
Generally there is a misunderstanding between the terminology “ground” and 
“earth”. The term “ground” is referred to the reference point in an electrical 
circuit from which other voltages are measured and matches with the zero of 
the power supply. Moreover is usually the common return path for currents. On 
the other hand, the term “earth” stands for the potential difference of the 
physical earth. Figure 1.10 shows the symbols used to represent the types of 
grounds. An electrical installation that is not connected to earth can cause 
dangerous potentials in case of accidental contacts with other wires, lightning, 
etc. 
 
Signal 
ground
Earth 
ground
Chassis 
ground
 
 
Figure 1.10 Ground symbols 
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The correct grounding of shielded cables is one of the most important facts to 
take into account when there is a purpose of getting rid of electromagnetic 
interferences. Figure 1.11 shows the connection of a load to a power supply by 
means of a coaxial cable [2]. As represented in the figure there are two loops, 
one represented in blue and the other one in red. Current flow is always done 
through the loop of less impedance. At high frequencies the blue loop’s 
inductance increases due to its bigger area. It means that the impedance would 
also increase and almost all the current would return to ground through the 
shielded cable, which is effective against both generating and receiving 
interferences. On the other hand, at low frequencies the current flow is done 
through the ground loop (colour red) instead of the cable’s shield which leads to 
a non-effective shielding. 
 
Ground loop at low 
frequencies
i
R
V
 
 
Figure 1.11 Ground loops in a circuit connected with a coaxial cable 
 
 
Figure 1.12 shows the usage of a coaxial’s shield as a return path to ground. 
This technique is useful to prevent magnetic interferences at low frequencies 
because there are no ground loops. 
 
 
i
V
R
 
 
Figure 1.12 Coaxial’s shield used as a circuit’s conductor 
 
 
Finally, if the power supply is disconnected from the cable’s shield, the shield is 
not used as a return path for currents which means that there is a ground loop 
with an unknown path between both source and load’s ground. This case is 
useless to prevent electromagnetic interferences and only can work against 
electrostatic discharges. 
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Figure 1.13 Disconnection of power supply from the cable’s shield 
 
 
Chapter 2 shows the technique of shielding devices to prevent electromagnetic 
interferences to be radiated from and into an electronic circuit. It is important to 
ensure that there is no contact between the signal cable’s shield and the 
shielding enclosure. 
 
 
1.6 Exposure to high frequency electromagnetic fields, 
biological effects and health consequences 
This section addresses the biological effects of exposures to high frequency 
electromagnetic fields and its consequences in health [3]. The electromagnetic 
environment consists of natural radiation and man-made electromagnetic fields 
that are produced either intentionally or by the use of electrical devices and 
systems. Natural electromagnetic radiations are originated from terrestrial and 
extraterrestrial sources such as electrical discharges in the earth’s atmosphere 
and radiation from sun and space. Its main characteristic is that are broadband 
and usually of less power intensity than the man-made electromagnetic 
radiations. 
 
Some generating sources of high power fields are found in areas such as 
medicine, where medical devices are used to treat patients. Medical devices 
used for magnetic resonance imaging, diathermy, hyperthermia, various kinds 
of RF ablation, surgery, and diagnoses may cause high levels of 
electromagnetic fields that negatively affects patients or produce high fields at 
certain workplaces [3].  
 
Broadcasting of high frequency signals is normally required in radiofrequency 
applications in order to maximize the area of coverage. In areas close to 
antennas high electric fields strengths can reach several hundred volts per 
meter.  
 
Devices and electronic systems used by the general public, for example 
wireless communication for data transmission, usually generate low fields at the 
position of the user. Antennas in cellular mobile communication networks 
generally cause low levels of electromagnetic fields in areas accessible to 
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users, but significant peaks of high fields can be generated by terminals when 
users are transmitting data or voice. 
 
Electronic article surveillance (EAS) is a technological method for preventing 
shoplifting from retail stores. EAS and radiofrequency identification devices 
(RFID) operate at different frequencies within the radiofrequency band, 
generally causing only low fields in the environment. 
 
Radars produce high power fields using directive antennas to emit pulsed 
signals, which reduces its average exposure. 
 
Molecules and cells under the influence of RF electric fields at frequencies up to 
100 MHz would rearrange and form chains along the direction of the field. 
Under the influence of RF electric fields, electrical charges tend to accumulate 
on opposite cell surfaces to form induced dipoles, whose orientation changes 
with oscillations of the field. A dipole–dipole attraction occurs in the process. 
The attractive forces between the dipoles are enhanced when the cells are in 
close proximity to each other. The dipoles then align in the direction of the 
applied electric field and form chains of many cells or molecules. This effect is 
called the pearl-chain effect.  
 
For frequencies up to 100 MHz, the threshold electric field strength needed to 
produce the effect depends on frequency, cell or particle size, and pulsing 
parameters of the applied field. At higher frequencies, the induced dipoles have 
insufficient time to follow the oscillating field to change their directions. At low 
frequencies, the threshold is proportional to the 0.5 power of frequency, but it is 
nearly independent of frequency above 1 MHz. 
 
Other RF fields-induced effects such as shape changes and electroporation or 
permeabilization of cells have been documented by Gehl in 2003 or Weaver in 
1993. However, the mechanisms responsible for reversible and irreversible 
changes in membranes require much stronger fields. For example, millisecond 
wide pulses of up to 100 kV·m-1 are required for permeabilization of cells at 
frequencies from 50 to 500 kHz. 
 
Moreover, the exposure to high fields of radiofrequency radiation can be 
harmful since it can rapidly increase the temperature of biological tissues. 
Biological damage to tissues can be done if the human body is not able to cope 
with the rapid increase of temperature by flowing blood to dissipate the 
excessive heat. 
 
The quantity used to measure how much RF energy is actually absorbed in a 
body is called the specific absorption rate (SAR) given by (1.7). It is usually 
expressed in units of watts per kilogram (W/kg). SAR is defined as the time 
derivative of the incremental energy   , absorbed by or dissipated in an 
incremental mass that is contained in a volume element,   , of a density ρ.  
 
 
    
 
  
 
  
   
                                             (1.7) 
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It is noteworthy that radiation with the same level of power to a small area is 
much more harmful that to the whole body. 
 
A SAR of 4        can lead to a temperature rise on the order of 1ºC. . 
However, this temperature rise falls within the normal range of human 
thermoregulatory capacity [3]. 
 
Cell phone manufacturers are obligated to produce cell phones with a lower 
SAR of 1.6 watts per kilogram (W/kg) measured over a 1 gram tissue mass in 
the United States [4], while Europe has a limit of 2 watts per kilogram (W/kg) 
measured over a 10 gram tissue mass [5]. For example, the Apple Iphone 4 has 
a SAR of 1.17       [6]. 
 
Protective clothes made from conductive textile can help to decrease the 
negative effect of electromagnetic radiations to human bodies done at certain 
workplaces. 
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2. CHAPTER 2. SHIELDING THEORY  
This chapter summarizes some basic concepts about electromagnetic theory 
that are useful in order to understand the problems shown in this work. The first 
section describes how it is possible to prevent from electromagnetic 
interferences to affect an electronic circuit or device. The second section 
defines some properties of electromagnetic waves. Finally, the third section 
summarizes a derivation of the shielding effectiveness calculation. 
 
2.1 Shielding of devices 
Sometimes it is not possible to neither suppress the emission at its source nor 
make the coupling path as inefficient as possible. Figure 2.1 shows two ways to 
prevent noise sources from affecting a susceptible circuit at point P. One way is 
shielding the circuit itself and the other way is shielding the noise source. Of 
course, the shield must be properly grounded. A proper ground is done by 
connecting the shielding enclosure directly to ground welding all the wires in 
case of mesh or twisted cables to ensure a proper contact. If there is an 
accidental contact between the shielding of a signal cable and the shielding 
enclosure, radiation of electromagnetic interferences would take place because 
of the loops shown in section 1.5. 
 
This work is focused on making the receptor less susceptible to the emissions 
by means of electrical shielding. Notice that the receptor could be either an 
electronic device or a worker inside a physiotherapy room. 
 
P P
Noise source
 
 
Figure 2.1 Shielding of noise sources 
 
 
Common materials used in shielding practice are usually compact metal sheets 
or wire mesh, which can be convenient for electronic devices but obviously not 
for clothes. A worker could not wear an electromagnetic shield made from 
metallic sheets just because of its heaviness and lack of manoeuvrability. 
Nowadays, in countries such as china has become popular to buy antiradiation 
clothes, whose main application is in maternity. Anti radiation clothes are sold 
on the internet, for example in [7], claiming a certified SE of 32 dB at 1GHz. 
a) Susceptible device’s shielding                         b)   Noise source’s shielding 
Chapter 2. Shielding Theory  17 
Those clothes are made from cotton and polyester. However, the threads are 
treated with metals that make the fibres conducting.  
 
One advantage of shields made of electrically conductive textiles is their 
lightness and lower cost in comparison with shields made of metal sheets and 
wire mesh. Textile shields can be built inside walls, designed as protective 
clothes for workers or even curtains for windows for some room that needs to 
be shielded such as physiotherapy rooms. Figure 2.2 shows the shielding of a 
physiotherapy room by means of conductive textiles, where it is reached a 
shielding effectiveness between 21.4 dB and 37.5 dB operating at 2450MHz for 
several conductive textiles [8]. 
 
 
 
 
 
Figure 2.2 EMF distribution inside and outside a physiotherapy room [8]  
 
 
The electromagnetic interference can leave or affect an electronic circuit in two 
ways: radiated or conducted [9]. Figure 2.3 shows important practical 
considerations that degrade shielding effectiveness of shielding enclosures. In 
case (a), electromagnetic interference is radiated from an unknown source and 
transmitted to the circuit; (b) shows an undesired connection between the cable 
shield and the shielding enclosure; (c) sketches a connection between the cable 
shield and a noise source, causing the shield to act as an antenna. 
 
 
I
I
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Shield Shield
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Figure 2.3 Practical considerations that degrade shielding effectiveness. 
a)  Before shielding                     b)   After shielding 
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2.2 Near and Far Fields 
Electromagnetic fields can be split in two components: an electric field    and a 
magnetic field   . It is well known that from a concrete distant point from the 
source, the electromagnetic field looks like a plane wave. In that case, it fulfils 
conditions (2.1) and (2.2). 
 
 
  
  
                                                  (2.1) 
 
                                                       (2.2) 
 
 
The ratio of E-field intensity to H-field intensity of an electromagnetic wave is 
called wave impedance   , also represented as   . Wave impedance for air    
                is drawn in Figure 2.4 depending on frequency, being 
always equal to 377 Ω for plane waves [6]. “Wave impedance” in the far field 
can be referred as “intrinsic impedance” as well.  
 
In the near field, the conditions shown in (2.1) and (2.2) are not satisfied [9]. In 
particular, one must be of order of    in order for these two characteristics to 
hold. Furthermore, near fields have generally more components than these two 
and do not vary     with distance, but      or     . 
 
Because of operating at a frequency of 100MHz a distance of 48 centimetres is 
already considered as far field, all formulations in this work are taken in the far 
field condition. 
 
 
 
 
Figure 2.4 Wave impedance [10] 
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2.3 Shielding Effectiveness 
This section summarizes the derivation of the shielding effectiveness of 
monolayer compact materials [11]. Chapter 3 will addresses several methods to 
calculate the shielding effectiveness. In order to calculate the shielding 
effectiveness, parameters such as the relative permeability μr, relative 
permittivity εr, conductivity σ, barrier thickness t, permeability μ0 and permittivity 
ε0 must be known. 
 
Shielding effectiveness (SE) is defined as the ratio of the magnitude of the 
electric -or magnetic- field that is incident on the barrier to the magnitude of the 
electric -or magnetic- field that is transmitted through the barrier [9], as shown 
on equations (2.3) and (2.4). 
 
 
           
   
  
                                                (2.3) 
 
           
  
  
                                                (2.4) 
 
 
Shielding theory is based on Maxell’s Equations. Considering that the wave is 
spread in the z axis direction and the magnetic field is spread in the y axis 
direction, the calculation for the electric and magnetic field intensities 
components                                   shown in Figure 2.5, results in the 
equations (2.5) to (2.8). 
 
 
   tm   
y
z
x
Êt
Ĥt
Ê1
Ĥ1
Ê2
Ĥ2
Êi
Ĥi
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Figure 2.5 Plane wave propagation with normal incidence to a shielding barrier. 
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                                    (2.6) 
 
       
      ;         
  
  
                                     (2.7) 
 
       
         ;         
  
  
                                    (2.8) 
 
where, 
 
-   is the propagation constant defined as (2.9) and it is the measure to 
quantify the attenuation of a wave while it propagates through a media.  
-   is the attenuation constant. 
-   is the phase constant. 
- ZM is the wave impedance, given by (2.10). 
 
 
                                                      (2.9) 
 
    
     
 
                                             (2.10) 
 
 
Magnetic permeability   is the measure of the ability of a material to become 
magnetized in response to the incidence of a magnetic field. The permeability of free 
space    is      
        . 
 
Permittivity ε is a measure of resistance that represents how an electric field 
affects and is affected by a media. It is determined by the ability of a material to 
become polarized because of the incidence of an electric field, partially 
cancelling the internal field of the material. The vacuum permittivity ε0 is 
approximately                 . 
 
Equations (2.5) to (2.8) lead to a system of four equations in four unknowns, 
which can be solved by applying the energy conservation law of incident 
electromagnetic wave into the barrier with equations (2.11) to (2.14). 
 
 
          
         
         
                                     (2.11) 
 
          
         
                                           (2.12) 
 
           
          
          
                                      (2.13) 
 
           
          
                                            (2.14) 
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Equations (2.11) and (2.12) state that the difference between the E-field 
intensity of both incidence and reflected fields is equal to the E-field intensity of 
the transmitted field through the barrier. Equations (2.13) and (2.14) state the 
same in the case of magnetic fields. 
 
Equations (2.15) to (2.18) is the result of substituting equations (2.11) to (2.14) 
with equations (2.5) to (2.8) for        . 
 
 
                                                     (2.11) 
 
   
       
      
                                         (2.12) 
 
  
  
 
  
  
 
  
  
 
  
  
                                          (2.13) 
 
  
  
     
  
  
    
  
  
                                        (2.14) 
 
 
Solving the system of equations (2.11) to (2.14) by means of the substitution 
method [11], it is possible to obtain the ratio       which is equivalent to 
shielding effectiveness (2.15).  
 
 
  
  
 
       
 
     
                               
     
     
 
 
            (2.15) 
 
 
Equation (2.16) results from expressing equation (2.15) in the logarithmic form, 
 
 
                               
       
 
     
                           
(2.16) 
                                                                            
     
     
 
 
            
 
 
where   is the material’s skin depth given by (2.17). 
 
 
   
 
   
                                                (2.17) 
 
 
In the case of shielding barriers the SE is split in three main physical principles 
[11]: Reflection, Absorption and Multiple Reflections, as defined in (2.18). As 
Figure 2.6 shows, an incident plane wave that is reflected on the first boundary 
of the shield is later attenuated as it crosses the barrier and reflected again on 
the second boundary, producing multiple reflections inside the shield.  
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Figure 2.6 Illustration of multiple reflections within a shield 
 
 
                                                          (2.18) 
 
 
Reflection of waves occurs when they reach the first boundary of a shield. It 
increases with the increase of the conductivity and decreases with the decrease 
of permeability as shows equation (2.19), which can be simplified as (2.20) after 
mathematical adjustments [11]. 
 
 
             
       
 
     
                                      (2.19) 
 
                    
  
   
                                (2.20) 
 
 
Absorption is caused by the loose of heat as the electromagnetic wave crosses 
the barrier, and is dependent on thickness t and material’s skin depth   as 
equation (2.21) shows. Equation (2.21) can be simplified as (2.22) after 
mathematical adjustments [11]. 
 
              
                                          (2.21) 
 
             
 
 
                                         (2.22) 
 
 
Attenuation caused by multiple reflections is due to the reflection of EM waves 
at both boundaries of a shield inside it. It is defined by equation (2.23) and can 
be ignored in case of good conductive metal barriers [11]. A material can be 
considered as good conductive when its wave impedance is much less than 
that of free space:      . 
 
                 
            
     
     
 
 
                  (2.23) 
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3 CHAPTER 3. MODELLING OF SHIELDING 
EFFECTIVENESS 
This chapter addresses several methods and hypothesis to compute the 
shielding effectiveness. Afterwards, every method will be verified with 
experimental results in order to determine if they are valid to calculate the 
shielding effectiveness of composite textiles. 
 
3.1 Modelling of electromagnetic barriers with apertures 
This section shows a summarize of the work done in [12] to model the apertures 
of composite materials by means of considering every small aperture as an 
antenna with a power gain of (3.1), where    is the surface of the aperture. 
 
 
     
    
  
                                             (3.1) 
 
 
Performing some mathematical adjustments on the equation (3.1), it is possible 
to find the gain of apertures dependant on the dimensions of the apertures and 
the operating frequency (3.2). 
 
 
           
 
    
  
 
           
 
    
  
                                      (3.2) 
           
 
   
             
 
                         
 
 
Because of the thickness of the barrier, the wave is attenuated as it passes 
through the apertures. As [12] states, the apertures can be considered as 
“subcritical” waveguides with dimensions  , s and length t equal to the 
thickness. Attenuation factor of these waveguides is given by (3.3)  
 
 
          
  
  
    
  
 
          
                               (3.3) 
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Taking into account that the operating wavelength is much greater than the cut-
off wavelength,     ,  and that the cut-off wavelength is       , the 
attenuation factor due to apertures is given by (3.4) and the attenuation of 
apertures by (3.5). 
 
          
  
   
                                            (3.4) 
 
 
             
                                       (3.5) 
         
 
 
       
 
 
Moreover, the geometric dimensions of apertures must also be taken into 
account, which is done by means of the equation (3.6) where   and s are the 
dimensions of the aperture. 
 
 
                
 
 
                                   (3.6) 
 
 
Finally, by taking into account all three factors (3.2), (3.5) and (3.6) it is possible 
to calculate the shielding effectiveness due to apertures of non compact 
materials (3.7). 
 
                         
 
 
             
 
 
             (3.7) 
 
 
The overall shielding effectiveness of conductive textiles is a linear combination 
(3.8) between the shielding effectiveness due to apertures (3.7) at high 
frequencies and the shielding effectiveness of compact materials (2.18) at low 
frequencies. This is because at low frequencies a sheet with apertures can be 
viewed as a compact sheet if the apertures are small enough.  
 
 
                                                            (3.8) 
 
 
Since the functions         and         must fulfil with the equation         
         , equation (3.8) can be derived as (3.9). 
 
 
                                                                (3.9) 
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According to [12], in order to derivate the function        , it is necessary to 
make a presumption of equality between the return attenuation of compact 
materials        and materials with apertures     . After performing the 
derivation shown in [12], the equation (3.10) is obtained. 
 
 
         
                                                (3.10) 
 
 
By substituting the equation (3.10) into (3.9), the overall shielding effectiveness 
of textile is obtained and given by (3.11). 
 
 
           
                     
                               (3.11) 
 
3.2 Modelling of wire-mesh electromagnetic barriers 
This section describes the method used to model the electromagnetic shielding 
behaviour of wire-mesh screens [14]. The main goal is to find out if a conductive 
textile can be modelled as a wire-mesh screen without a major error in the 
calculation. 
 
Wire mesh screens are of convenient application in areas such as the screening 
of rooms or big scenarios because of saving material, compared to compact 
sheet screens. The advantage is lower cost and reduced weight per unit area. 
This method considers that the mesh dimensions are small compared to 
wavelength, the wire is circular and the mesh holes are square as Figure 3.1 
shows. 
 
A
A
2rw
as
 
 
Figure 3.1 Wire mesh with square apertures and bonded junctions 
 
 
A wire-mesh screen with bonded junctions can be described by its equivalent 
sheet impedance       for a screen with square meshes of dimensions as x as. 
Using Cartesian coordinates to represent       results in (3.1), 
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         (3.1) 
 
 
where Ls is the sheet inductance given by (3.2),    is the radius of the mesh 
wires and    the mesh aperture size.     is the internal impedance per unit 
length expressed as (3.3), 
 
   
    
  
               
  
                                (3.2) 
 
       
              
          
                                    (3.3) 
 
 
where           is the free-space wave number,         
   is the diffusion 
time constant,         
      is the dc resistance per unit length of the mesh 
wires and    denotes the modified Bessel function of the first kind of order n. 
 
Evaluating the eigenvalues for the matrix (3.1),     and     are found.     
corresponds to the sheet impedance for perpendicularly polarized plane waves 
(3.4) and     to the effective sheet impedance for parallel-polarized plane 
waves (3.5), 
 
                                                       (3.4) 
 
        
    
 
                                            (3.5) 
 
 
where   is the angle of incidence with respect to the normal direction to the 
mesh (¡Error! No se encuentra el origen de la referencia.). On the one hand, 
reflection and transmission coefficients for perpendicularly polarized plane 
waves are (3.6) and (3.7) respectively. 
 
 
   
   
           
                                            (3.6) 
 
   
        
           
                                            (3.7) 
 
 
On the other hand, reflection and transmission coefficients for parallel-polarized 
plane waves are (3.8) and (3.9) respectively. 
 
 
   
      
           
                                            (3.8) 
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Figure 3.2 Angle of incidence with respect to the normal direction to the mesh 
 
 
The shielding effectiveness for plane waves is defined as 
 
 
                                                         (3.10) 
 
 
where in the case that the mesh wires are perfectly conducting, it is defined as 
(3.11) for perpendicularly polarized plane waves and as (3.12) for parallel-
polarized plane waves. 
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However, the polarization direction is likely unknown. Therefore, a polarization-
independent shielding effectiveness        must come into consideration, given 
by 
 
 
              
 
 
       
  
 
 
       
                            (3.13) 
 
 
Results programmed in a Matlab environment using this method will be shown 
in Chapter 5, comparing it with actual values of real samples obtained in the 
laboratory. 
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3.3 Modelling of compact electromagnetic barriers 
This section describes the method used to model the electromagnetic shielding 
behaviour of compact sheet screens [16]. The main goal is to find out if a 
conductive textile can be modelled as a compact screen without a major error in 
the calculation. It can be possible since a mesh screen can be viewed as a 
compact screen for a range of frequencies. 
 
This section presents a theoretical model for multilayered structures to calculate 
its shielding effectiveness, which is based on the transmitted wave matrix in the 
far field area [16]. Figure 3.3 shows the transmission and reflection scheme of 
an N-layers structure. 
 
 
   t1m      t2m      tNm   
Êi
Êr
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Figure 3.3 Transmission and reflection of an EM wave with normal incidence 
 
 
Considering that all layers are isotropic and homogeneous, the intrinsic 
impedance of the ith layer    is given by 
 
 
    
  
        
 
 
                                    (3.14) 
 
 
The characteristic matrix of the ith layer is given by 
 
 
      
                      
                       
                       (3.15) 
 
 
where   
  is the real part of the complex permittivity of the ith layer given by 
  
    
     
   and    is the wavenumber, defined by 
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The characteristic matrix of the whole structure is 
 
 
                   
      
      
                         (3.17) 
 
 
and both reflection and transmission coefficient of the whole N-layered structure 
is given by (3.18) and (3.19) respectively. 
 
 
  
                         
                         
                            (3.18) 
 
 
  
                                
                         
                     (3.19) 
 
 
The shielding effectiveness takes into account the transmission parameter 
(3.19), so it is given by 
 
 
                                                        (3.20) 
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4 CHAPTER 4. CHARACTERIZATION OF SAMPLES  
In order to be able to validate the results obtained from programming the 
techniques described in Chapter 3, it is necessary to characterize and obtain 
the experimental Shielding Effectiveness of several samples.  
4.1 Description of samples 
All three samples characterized in this project are made by the same 
manufacturer and have a similar composition. The samples are made of textile 
made from polystyrene (PES) treated with nanosilver particles that make them 
conductive. There are two types of particles that compose the fibre of the 
samples. One is SilveR.STAT® [17] and the other one is SHIELDEX® [18].  
 
Silver is used as protection from electromagnetic radiation using its property of 
good conductor. Moreover, this kind of fibres counteracts undesirable germ and 
fungus build-up, which is a positive effect in both human and veterinary 
medicine.  
 
SilveR.STAT® fibres and yarns are composed of polyamide onto which a fine 
layer of pure silver has been suffused, giving the polymer a silver grey colour. 
Table 4.1 describe the composition, linear mass density of fibres given in tex 
and thickness of every sample. As it shows, the characteristics of the axis X for 
every sample is the same as well as the linear mass density of fibres. Their 
relative electrical permittivity   and permeability    are supposed to be equal to 
one.  
 
The isolation layers that will be used in Chapter 5 to build the sandwich 
structures will be paper sheets with a relative electrical permittivity    of 3 [19], 
permeability    equal to one and conductivity   is approximately equal to zero. 
Thickness has been measured by means of a micrometer. More exact 
techniques are used by the industry such as microscopic examination, 
resonance methods or laser diffraction [15]. 
 
 
Table 4.1. Composition of samples A, B and C. 
 
 SilveR.STAT®   SHIELDEX® PES tex Threads/cm 
Sa
m
p
le
 A
 
Axis X 30% 30% 40% 35.5 20 
Axis Y 30% 30% 40% 35.5 25 
thickness 360 μm 
Sa
m
p
le
 B
 
Axis X 30% 30% 40% 35.5 20 
Axis Y 60% 0% 40% 35.5 25 
thickness 340 μm 
Sa
m
p
le
 C
 
Axis X 30% 30% 40% 35.5 20 
Axis Y 0% 60% 40% 35.5 25 
thickness 330 μm 
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4.2 Measurement of conductivity 
In order to obtain the conductivity of the samples it is necessary to measure the 
sheet resistance given in “ohm per square”, denoted as Ω/□ or Ω/sq [13]. The 
reason for the name "ohms per square" is that a square sheet with sheet 
resistance 1 ohm/square has an actual resistance of 1 ohm, regardless of the 
size of the square. However, it is not possible to directly measure the sheet 
resistance, but the bulk resistance, also given by (4.1). Afterwards, sheet 
resistance can be obtained by means of equation (4.2). 
 
 
      
   
           
                                         (4.1) 
 
 
       
     
                 
                                 (4.2) 
 
 
where   is the bulk resistivity, L the length and W the width of the sample.  
 
As Figure 4.1 shows, by placing two electrodes between a rectangular sample 
and connecting both electrodes to an ohmmeter it is possible to measure the 
bulk resistance of such sample. Bulk resistance has been measured by means 
of an RLCG bridge ESCORT ELC-3133A with a systematic error of se=0.07 Ω 
 
 
 
 
Figure 4.1 Fibres resistance measurement 
 
 
The bulk resistance of all samples has been measured with the technique 
described above with two different settings and every measurement has been 
repeated three times. All measurements have been performed at conditions of 
humidity and temperature of 56.8% and 22.9ºC respectively. The measurement 
results are shown in Table 4.2. 
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Table 4.2. Bulk Resistance of samples A, B and C. 
 
Rbulk [Ω] 
Dimensions Sample A Sample B Sample C 
30x30 mm 1.295 1.309 1.269 
1.473 1.294 1.160 
1.315 1.235 1.172 
avg. 1.361 avg. 1.279 avg. 1.200 
100x30 mm 3.946 3.834 3.668 
3.934 3.950 3.671 
3.977 3.968 3.678 
avg. 3.952 avg. 3.917 avg. 3.672 
 
 
As expected, three times the area of a sample is approximately three times the 
bulk resistance. By taking into account the equation (4.2) and the results in 
Table 4.2, sheet resistance for Sample A is 1.361 Ω/sq, Sample B is 1.279 Ω/sq 
and Sample C is 1.200 Ω/sq. Applying the equation (4.1) and taking into 
account that the conductivity is the inverse of the bulk resistivity, conductivity for 
each sample is obtained and shown in Table 4.3. 
 
 
Table 4.3. Conductivity of samples A, B and C. 
 
σ [S/m] 
Sample A Sample B Sample C 
2040 2300 2525 
 
4.3 Standard test method to measure the Shielding 
Effectiveness of planar materials 
The standard used in this work to measure the Shielding Effectiveness is ASTM 
D4935-99 [20], which is not supported any further since there is a new version 
of 2010. However, it is still used in many technical papers. This test method 
provides a procedure for measuring the electromagnetic shielding effectiveness 
of planar material due to a plane-wave which is valid over a frequency range of 
30 MHz to 1.5 GHz. The basic equipment setup is shown in Figure 4.2. 
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Figure 4.2 Equipment setup to measure the SE 
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The specimen holder is an enlarged, coaxial transmission line with special taper 
sections and notched matching grooves to maintain a characteristic impedance 
of 50 Ω.  
 
The signal generator must have an output impedance of 50 Ω to minimize 
reflections and must be capable generating a sinusoidal signal over the desired 
range of frequencies.   
 
The receiver is a device with an input impedance of 50 Ω capable of measuring 
signals over the same frequency range as the signal generator.  
 
The attenuators are devices used to isolate the specimen holder from the signal 
generator and the receiver and their main purpose is for impedance matching. 
Attenuators of 10dB and 50 Ω characteristic impedance should be used on 
each end of the specimen holder. In our measurements, it has been used a 
network analyzer ZVRE Rohde&Schwarz as a signal generator and receiver as 
shown in Figure 4.1. 
 
Physical dimensions of the specimen holder are given in the standard [20]. In 
order to calibrate the specimen holder it is necessary to load it with a reference 
specimen that must be of the same material and thickness than the load 
specimen (the one that will be measured). Every time that the equipment is 
connected to the specimen holder, calibration with a reference specimen must 
be done in order to ensure proper measurements. Figure 4.2 shows the 
dimensions of the reference and load specimens given in inches. 
 
 
 
 
Figure 4.1 Shielding effectiveness measurement diagram 
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Figure 4.2 Reference and load specimens [20] 
 
 
The procedure for inserting the specimens defined by the standard is as follows: 
Use a support structure to support the specimen holder in a vertical position. 
Remove two screws, turn the holder end for end, remove the other two screws 
and carefully lift off the upper half of the holder. Two pieces of the reference 
specimen must be placed on the bottom half of the specimen holder. Replace 
the half of the specimen holder that had been removed and reinstall two screws, 
turn the holder end for end and finally reinstall the remaining two screws. 
Reconnect the coaxial cables, calibrate and do again all the procedure with the 
load specimen. Figure 4.3 shows both the reference and load specimens on the 
bottom half of the holder. 
 
 
 
 
 
 
Figure 4.3 Load of the holder specimen 
 
 
Bottom half of the 
specimen holder 
Reference 
specimen 
Load      
specimen 
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4.4 Measurement of Shielding Effectiveness 
After having completed all the procedures detailed in section 4.3, the graphics 
showing the shielding effectiveness in a margin between 30 MHz and 1.5 GHz 
have been obtained. Figure 4.4 to 4.6 show the shielding effectiveness for 
Sample A, B and C. Although it may look like the sample B achieves the best 
Shielding Effectiveness, the fact is that all samples are considered to have the 
same Shielding Effectiveness because the measurement uncertainty due to the 
method described in section 4.3 is     . 
 
Although it has been obtained measured shielding effectiveness’s with the 
holder, the procedure of computing the measured shielding effectiveness has 
not finished. As all figures clearly show, there is a peak of attenuation at around 
1.1GHz. It is obvious that this peak does not show the actual value of the 
shielding effectiveness. This peak is due to internal reflections inside the holder 
and a mathematical approximation needs to be done.  
 
In order to obtain a realistic curve of the measured shielding effectiveness it is 
necessary to make an approximation of the measured data by using the linear 
approximation function method. Taking into account that the shielding 
effectiveness is expected to look like a polynomial function of a first degree, the 
best approximation function is shown in all three figures in red colour. Although 
the shielding effectiveness represented by the polynomial curve looks almost 
flat, it must be taken into account that there is an uncertainty of      with 
respect to measured values. Shielding with one layer of textile A, B or C 
achieves a shielding effectiveness of 44 dB at 1GHz 
 
 
 
 
Figure 4.4 Measured Shielding Effectiveness of Sample A 
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Figure 4.5 Measured Shielding Effectiveness of Sample B 
 
 
 
 
 
Figure 4.6 Measured Shielding Effectiveness of Sample C 
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5 CHAPTER 5. EXPERIMENTAL RESULTS  
This chapter shows the results obtained from programming the methods 
described in Chapter 3 for sample A so a model can be validate and further 
results will be shown for more series of samples. Afterwards, sandwich 
structures will be build, measured and modelled by using samples A, B and C 
and layers of isolator between them. Discussion of results will be shown in the 
section of this chapter. 
 
5.1 Modelling of electromagnetic barriers with apertures 
In order to calculate the Shielding Effectiveness by means of the technique to 
model materials with apertures shown in section 3.1, it is necessary to define 
the size of the apertures which is         and        . Figure 5.1 
 
Figure 5.1shows the calculation of the two necessary components to calculate 
the shielding effectiveness according to equation (3.8). The first component is 
the shielding effectiveness due to apertures given by equation (3.7) and the 
second is the shielding effectiveness of compact materials at high frequencies 
given by equation (2.18). 
 
 
 
 
Figure 5.1 Aperture and sheet shielding effectiveness’s coefficients of sample A 
 
 
As seen in the figure above, the shielding effectiveness due to apertures 
decreases at high frequencies, while there is a slight variation of the shielding 
effectiveness of compact materials at low frequencies. Combination of both 
results by means of equation (3.8) gives the final shielding effectiveness 
calculation for textiles shown in Figure 5.3. 
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As explained in section 3.1, the shielding effectiveness of compact sheets can 
be split in three components. Figure 5.2 shows the parameters of reflection 
given by equation (2.20), absorption (2.22) and multiple reflections (2.23). As 
expected, the contribution of reflection to the overall shielding effectiveness 
calculation decreases at high frequencies, absorption increases with frequency 
and attenuation due to multiple reflections inside the shield is approximately 0 
dB at frequencies above 100 MHz. The sum of all three components give as 
result the “ESEsheet” curve shown in Figure 5.1, that corresponds to the 
shielding effectiveness of compact materials at low frequencies. 
 
 
 
 
Figure 5.2 Reflection, absorption and multiple reflections coefficients of sample A 
 
 
Finally, Figure 5.3 shows the overall calculation of the shielding effectiveness of 
material with apertures for Sample A compared to its measured shielding 
effectiveness. Regardless of the      uncertainty due to the measurement 
method, there is a considerable difference between the results obtained from 
modelling the sample and the ones obtained from measurements.  
 
For instance, the modelled shielding effectiveness at 1GHz is around        , 
while measurements show that is         . Therefore, in the worst-case 
scenario, the actual shielding effectiveness is        , leading to a difference of 
       between the shielding effectiveness of the modelled sample and 
measurements. Section 5.4 will show a comparison between all three models 
and determine which one will be the chosen for further measurements such as 
the calculation of shielding effectiveness of sandwich structures. 
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Figure 5.3 Modelling of Sample A as material with apertures 
 
 
5.2 Modelling of wire mesh electromagnetic barriers 
In order to calculate the Shielding Effectiveness by means of the technique to 
model wire mesh barriers shown in section 3.2, it is necessary to define the 
threat’s diameter which is            . Although real dimensions of the 
apertures are              , the equations described above requires that 
they must be square. Generally, shielding effectiveness is mainly affected by 
the highest dimension of an aperture. Therefore, the worst-case scenario has 
been taken into account, which is square apertures of              . 
 
 
 
 
Figure 5.4 Modelling of Sample A as wire mesh 
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Figure 5.4 shows the calculation of the shielding effectiveness of Sample A 
modelled as an electromagnetic wire mesh barrier, which is compared to the 
measured shielding effectiveness of the same sample. Although both curves 
are flat and proportional, for instance there is an offset of        between them 
at a frequency of 1 GHz. However, due to the uncertainty of measurements it 
can be considered that there is a minimum error of around 1 dB which can be 
considered as a good approximation. Section 5.4 will show a comparison 
between all three models and determine which one will be the chosen for further 
measurements with more samples. 
 
5.3 Modelling of compact electromagnetic barriers 
This section shows the results obtained from modelling the Sample A as a 
compact electromagnetic barrier. A good approximation is expected because 
the higher dimension of apertures in the textile,      , is much lower than the 
wavelength at 1.5 GHz,                 , so the textile barrier’s behaviour as 
an EM shield is expected to follow the one of a compact electromagnetic 
barrier.  
 
Figure 5.5 shows the calculation of the shielding effectiveness of Sample A, 
modeled as an electromagnetic compact barrier and compared to its measured 
shielding effectiveness.  The figure shows a good approximation to the actual 
values of shielding effectiveness. At an example frequency of 1 GHz, the 
measured shielding efficiency is equal to         , while the modelling of 
Sample A as a compact electromagnetic barrier gives a shielding effectiveness 
of around        .Therefore, it is inside the uncertainty margin of error given by 
the measurement method. Section 5.4 will show a comparison between all three 
models and determine which one will be the chosen for further measurements 
with more samples. 
 
 
 
 
Figure 5.5 Modelling of Sample A as compact material 
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5.4 Comparison of models 
Last sections in this chapter have shown several methods to model the 
shielding effectiveness of conductive materials. The aim of this section is to 
compare all models and find out which one is closer to the measured values.  
 
Figure 5.6 shows the shielding effectiveness of Sample A computed with all 
models described before and the actual values obtained from measurements. 
At a frequency of 1GHz, the modelling of textile barriers as wire mesh has a 
minimum error of 1dB as section 5.2 showed. The modelling of textile barriers 
as material with apertures has a minimum error of 3.6 dB. The shielding 
effectiveness obtained from modelling the Sample A as an electromagnetic 
compact barrier is inside the uncertainty margin given by the measurement 
method used. Therefore, the model that is closer to the measured values is the 
modelling of Sample A as an electromagnetic compact shield.  
 
 
 
 
Figure 5.6 Comparison of models by measuring SE of sample A 
 
 
The real shielding effectiveness of a conductive textile is expected to decrease 
with frequency, as the contribution of apertures to decrease its shielding 
efficiency is higher at high frequencies. It can be slightly noticed in the 
measurements and the modelling of wire mesh barriers and shields with 
apertures. However, the shielding efficiency of compact materials generally 
increases with frequency since the absorption is higher at high frequencies. 
This fact could lead to errors in next section, where the shielding effectiveness 
calculation of shields build with several layers will be shown. 
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5.5 Modelling of Sandwich Structures 
This section shows the measurements of several multilayer structures 
comparing it with its corresponding model. Every figure from Figure 5.8 to 
Figure 5.17 shows its structure in the figure caption. For example, Figure 5.7 
sketches the structure that represents the measured shielding effectiveness in 
Figure 5.8, “P-T(A)-T(B)-P”, where P stands for “paper layer”, T(A) is “Layer of 
Textile A” and T(B) stands for “Layer of Textile B”. 
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Figure 5.7 Structure P-T(A)-T(B)-P 
 
 
From Figure 5.8 to Figure 5.10 it is shown a structure of insulation layers at both 
boundaries of the shield and two layers of different textile between them. The 
behaviour of this structure is approximately the same regardless of the textile 
between the insulation layers. The reason is because all three textile samples 
have a similar composition and, therefore, a similar Shielding Effectiveness as 
shown in section 4.4.  
 
 
 
 
Figure 5.8 Shielding Effectiveness of Structure: P-T(A)-T(B)-P 
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Although the response is expected to be flat and slightly variant with frequency, 
it is shown an abrupt response. It is due to resonances inside the specimen 
holder and because the shield is not properly grounded by making contact with 
the holder due to the two insulation layers that are surrounding the 
electromagnetic shield. Moreover the conductive textiles are neither 
homogenous nor isotropic, which causes an impedance mismatching. 
 
 
 
 
 
Figure 5.9 Shielding Effectiveness of Structure: P-T(A)-T(C)-P 
 
 
 
 
 
Figure 5.10 Shielding Effectiveness of Structure: P-T(C)-T(B)-P 
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Figure 5.11 and Figure 5.12 show some resonances inside the specimen holder 
that disrupt the measurements, as well as the figures above. However it is 
possible to approximate the response by means of a polynomial function that 
shows that the model is close to it. There is not a big difference between a 
shield with one combination of textiles (Figure 5.11) or another one (Figure 
5.12). 
 
 
 
 
Figure 5.11 Shielding Effectiveness of Structure: T(B)-P-T(C)-P 
 
 
 
 
 
Figure 5.12 Shielding Effectiveness of Structure: T(A)-P-T(C)-P 
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Measurements in Figure 5.13 and Figure 5.15 have been done with a structure 
of double insulation layer inside the shield, whose external layers are 
conductive textiles. Results show some reflections inside the specimen holder 
that distorts the actual Shielding Effectiveness, making it difficult to read it. 
 
 
 
 
 
Figure 5.13 Shielding Effectiveness of Structure: T(A)-P-P-T(B) 
 
 
 
 
 
 
Figure 5.14 Shielding Effectiveness of Structure: T(C)-P-P-T(B) 
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Figure 5.15 Shielding Effectiveness of Structure: T(A)-P-P-T(C) 
 
 
From now all measurements have been made with structures of 3 textile and 3 
insulation layers. Figure 5.16 and Figure 5.17 show a similar behaviour with 
resonances in both cases and reflections inside the shield. However, the 
difference between the polynomial approximation and the model in Figure 5.16 
is around 15 dB and in Figure 5.17 is around 5 dB. It is because of a different 
configuration of the shield that changes the amount of reflections inside the 
holder. 
 
 
 
 
Figure 5.16 Shielding Effectiveness of Structure: P-T(B)-T(A)-P-P-T(C) 
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Figure 5.17 Shielding Effectiveness of Structure: T(B)-P-T(A)-P-T(C)-P 
 
 
 
Figure 5.18 shows a similar behaviour to Figure 5.8 to Figure 5.10, due to the 
isolation of the conductive textile in all four cases, where an insulating layer is 
making contact with both halves of the specimen holder. Problems with a 
mismatch of impedances and grounding of shield arise. 
 
 
 
 
Figure 5.18 Shielding Effectiveness of Structure: P-T(B)-T(A)-P-T(C)-P 
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Figure 5.19 shows a similar behaviour to Figure 5.13 to Figure 5.15, where 
there is a conductive layer of textile making contact with both halves of the 
specimen holder. 
 
 
 
 
 
Figure 5.19 Shielding Effectiveness of Structure: T(A)-P-T(B)-P-P-T(C) 
 
 
After having completed all measurements with sandwich structures, several 
conclusions arise. The first one is that depending on the configuration of the 
shield, the measurements obtained with this method show different results that 
depends on errors due to reflections, resonances, bad grounding of the shield 
and impedance mismatch. Moreover, the specimen holder was not designed to 
measure such thick shields, which leads to a leakage of the power emitted by 
the signal generator showing a higher shielding effectiveness than it should. 
Furthermore, the holder is not able to measure the shielding effectiveness of 
non-conductive materials. 
 
By the other hand, in case of structures with 2 textile and 2 paper layers the 
model is approximate enough to the measured shielding effectiveness. 
However, further work needs to be done in order to find a proper method to 
measure the shielding effectiveness of such thick shields. 
 
Shielding with one layer of textile A, B or C achieves a shielding effectiveness of 
44 dB at 1GHz, while two layers of conductive textile and two layers of insulator 
gives between 49 dB and 52 dB at the same frequency depending on the 
structure of the shield. The usage of thee conductive layers and three insulator 
layers lead to a shielding effectiveness of about 61 dB at 1 GHz.  
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CONCLUSION 
As shown in this work, shielding by means of conductive textiles is a good 
option in terms of lightweight and manoeuvrability of shields, reaching good 
ratios of shielding effectiveness. 
 
Bulk resistance of every textile sample has been measured by means of an 
RLCG bridge ESCORT ELC-3133A, placing two electrodes between the 
opposite boundaries of a rectangular sample. This measurement has allowed 
the calculation of conductivity of every sample, which is            
  , 
           
   and            
   with a thickness of         , 
         and          respectively.  
 
Afterwards, the method to measure the shielding effectiveness of planar 
materials specified by the standard ASTM D4935-99 has been applied to every 
sample. In order to measure the shielding effectiveness, a network analyzer 
ZVRE Rohde&Schwarz has been used as both signal generator and receiver, 
connecting it to a specimen holder with an attenuator of 10 dB and 50 Ω 
characteristic impedance on each end. As the standard says, the main purpose 
of the attenuators is for impedance matching. Since all three samples and the 
sandwich structures build in section 5.5 have different thicknesses, it is required 
to calibrate the network analyzer to perform properly every measurement. 
 
Three methods have been shown in order to model the shielding effectiveness 
of different type of materials. The first method is useful to model shielding 
barriers with apertures. The second method models wire mesh screens, and the 
third one models the shielding effectiveness of electromagnetic compact 
barriers. 
 
All three samples have been measured and modelled with every method. 
Shielding with one layer of textile A, B or C achieves a shielding effectiveness of 
44 dB at 1GHz, while two layers of conductive textile and two layers of insulator 
gives between 49 dB and 52 dB at the same frequency depending on the 
structure of the shield. The usage of thee conductive layers and three insulator 
layers lead to a shielding effectiveness of about 61 dB at 1 GHz. 
 
Modelling the conductive textiles as electromagnetic compact barriers has 
achieved the best results compared to measurements. Modelling one layer of 
conductive textile has result in values that are inside the uncertainty margin 
error of       due to the measurement method. Modelling a sandwich structure 
of two layers of conductive textile plus two insulation layers leads to an error of 
between 0 and 10 dB depending on the configuration, which is considered as a 
good approximation. Modelling a sandwich structure of two layers of conductive 
textile plus two insulation layers leads to an error between 0 and 10 dB 
depending on the configuration, which is considered as a good approximation. 
Comparison between the modelling of three layers of conductive textile plus 
three insulation layers and measurements leads to a major error which cannot 
be disregarded.  
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As shown in the paragraph above, there is sometimes a considerable difference 
in the measured shielding effectiveness between configurations of the multilayer 
structures while using the same materials. Errors in measurements are mainly 
because of errors due to reflections inside the specimen holder, resonances, 
bad grounding of the shield and impedance mismatch. Bad grounding is 
because the shield does not make contact with the holder due to the two 
insulation layers that, in some configurations, are surrounding the 
electromagnetic shield. Moreover the conductive textiles are neither 
homogenous nor isotropic, which causes the impedance mismatching. 
 
As a proposal for further work, more research needs to be conducted in order to 
find a more exact method to measure the shielding effectiveness of multilayer 
thick shields such as three layers of conductive textile and three insulation 
layers. Therefore, it will allow performing more measurements and validating 
other models to simulate the shielding effectiveness of multilayer 
electromagnetic barriers. 
 
ENVIRONMENTAL IMPACT ASSESSMENT 
The application of this project might have a negative environmental impact 
when it comes to manufacture materials to build electromagnetic shields, since 
exploitation of minerals needs to be done in order to obtain silver. Moreover, 
some percentage of the textile is made from polystyrene (PES) which is not 
biodegradable for hundreds of years and is resistant to photolysis. Furthermore, 
the production of polystyrene uses some chemical agents that contribute 
significantly to the overall ozone depletion. 
 
However, compact shielding barriers are usually made from copper, nickel or 
iron among others. The use of conductive textiles saves from using these 
materials, and the percentage of metal used in the production of conductive 
textiles is much less than that used in the production of compact materials. In 
addition, the modelling of conductive textiles to approximate its shielding 
effectiveness before production can minimize the used silver in the textile 
production. Moreover, the use of electromagnetic barriers can avoid from 
unwanted RF fields to be radiated to the environment. 
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Abstract. The purpose of this paper is to present a 
comparative among three models to calculate the shielding 
effectiveness of electromagnetic barriers, applying it to 
conductive textiles. Each one, models a conductive textile 
as either a (1) material with apertures, (2) wire mesh 
screen or (3) compact material. Therefore, the objective is 
to perform an analysis of the models in order to determine 
which one is a better approximation for electromagnetic 
shielding fabrics. In order to provide results for the 
comparison, the shielding effectiveness of the sample has 
been measured by means of the standard [1].  
Keywords 
Shielding effectiveness (SE), modeling, conductive 
textiles, wire mesh barriers, compact barriers, 
apertures. 
1. Introduction 
Textile-based shields are useful in areas such as in the 
designing of EM barriers to shield devices’ joints against 
external interferences, protective clothes for workers or 
patients in radiotherapy rooms or military applications.  
The manufacture of conductive textiles has a 
significant cost, besides a waste of materials such as 
copper, nickel, iron or silver. The modeling of conductive 
textiles before their production in the industry allows 
manufacturers to save money. 
This paper presents three models to estimate the 
shielding effectiveness of different types of 
electromagnetic barriers: shields with apertures such as 
textiles, wire mesh screens and compact material. All three 
models have been programmed in a Matlab environment 
performing an estimation of the shielding effectiveness 
between 30 MHz and 1.5 GHz of a real sample with 
characteristics as follows: l = 220 μm, s = 120 μm, σ = 
2040 S·m
-1
, t = 360 μm and d = 270 μm, where l stands for 
length of apertures, width is defined by s, σ is the 
conductivity of the sample, t stands for thickness and d is 
the threads’ diameter. The thickness of the sample has been 
measured by using a micrometer, which is not an exact 
measurement method and can lead to errors. More exact 
techniques are used by the industry such as microscopic 
examination, resonance methods or laser diffraction [2]. 
The conductivity of the textile has been obtained by 
placing two electrodes between the opposite boundaries of 
a square sample of the textile and measuring its bulk 
resistance with an RLCG bridge ESCORT ELC-3133A.  
The actual SE of the sample has been measured with a 
network analyzer ZVRE Rohde&Schwarz by following the 
standard ASTM D4935-99 [1] in order to provide a point of 
reference to compare results. Although there is a new 
version of the standard and it is no longer supported, it is 
still used in many technical papers.  
The rest of the paper is structured as follows:    
Section 2 summarizes the calculation of the shielding 
effectiveness in the case of EM barriers with apertures [4] 
and gives results for the sample described above. Both 
sections 3 and 4 show the modeling of wire mesh shields 
[5] and compact EM barriers [6] respectively, giving 
results in each case. Section 5 shows a comparison between 
all models and determines the one which is closer to actual 
values. Finally, conclusions are presented in section 5. 
2. Modeling of Shields with Apertures 
In the case of compact shielding barriers, the SE is 
based on three main physical principles [3]: Reflection, 
Absorption and Multiple Reflections, as defined in (2.1). 
As Fig. 1.1 shows, an incident plane wave that is reflected 
on the first boundary of the shield is later attenuated as it 
crosses the barrier and reflected again at the second 
boundary, producing multiple reflections inside the shield.  
   tm   
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Fig. 1. Illustration of multiple reflections within a shield [3]. 
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 sheetsheetsheetsheet MRRASE   (2.1) 
Reflection of waves occurs when they reach the first 
boundary of a shield. It increases with the increase of the 
conductivity and decreases with the decrease of 
permeability as shows equation (2.2), which can be 
simplified as (2.3) after mathematical adjustments [3]. 
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Absorption is caused by the loose of heat as the 
electromagnetic wave crosses the barrier, and is dependent 
on thickness t and material’s skin depth δ as equation (2.4) 
shows. Equation (2.4) can be simplified as (2.5) after 
mathematical adjustments [1]. 
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Attenuation caused by multiple reflections is due to 
the reflection of EM waves at both boundaries of a shield 
inside it. It is defined by equation (2.6) and can be ignored 
in case of good conductive metal barriers [3]. A material 
can be considered as good conductive when its wave 
impedance is much less than that of free space: ZM << Z0. 
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Therefore, the overall shielding effectiveness of 
compact materials can be estimated by adding all three 
factors, resulting in the equation (2.7) 
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The following paragraphs take into account the effect 
of apertures, considering every small aperture [4] as an 
antenna with a power gain of (2.8), where l
2
 is the surface 
of the aperture. 
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l
Gaperture   (2.8) 
Performing some mathematical adjustments [4] on the 
equation (2.8), it is possible to find the gain of apertures 
dependant on the dimensions of the apertures and the 
operating frequency, given by 
  flRaperture ·log20158  (2.9) 
Because of the thickness of the barrier, the wave is 
attenuated as it passes through the apertures. As [4] states, 
the apertures can be considered as “subcritical” waveguides 
with dimensions l, s and length t equal to the thickness. 
Attenuation factor of these waveguides is given by 
  mdBm
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 1
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Taking into account that the operating wavelength is 
much greater than the cut-off wavelength, λ >> λm, and that 
the cut-off wavelength is λm = 2t, the attenuation factor due 
to apertures is given by (2.11) and the attenuation of 
apertures by (2.12). 
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  dBtA apertureaperture ·  (2.12) 
Moreover, the geometric dimensions of apertures 
must also be taken into account, which is done by means of 
the equation (2.13) where l and s are the dimensions of the 
aperture. 
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Finally, by taking into account all three factors (2.9), 
(2.12) and (2.13) it is possible to calculate the shielding 
effectiveness due to apertures of non compact materials 
(2.14). 
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The overall shielding effectiveness of conductive 
textiles is a linear combination (2.15) between the shielding 
effectiveness due to apertures (2.14) at high frequencies 
and the shielding effectiveness of compact materials (2.7) 
at low frequencies. This is because at low frequencies a 
sheet with apertures can be viewed as a compact sheet if 
the apertures are small enough.  
     aperturesheettextile SElfSElfSE ·,·, 21    (2.15) 
Since the functions f1(l, λ) and f2(l, λ) must fulfill with 
the equation f1(l, λ) + f2(l, λ) = 1, equation (2.15) can be 
derived as (2.16). 
    sheettextile SElfSE ·,1   
    apertureSElf ·,1 1   (2.16) 
According to [4], in order to derivate the function   
f1(l, λ), it is necessary to make a presumption of equality 
between the return attenuation of compact materials Rsheet 
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and materials with apertures Raperture. After performing the 
derivation shown in [4], the equation (2.17) is obtained. 
   flelf 017.01 ,   (2.17) 
By substituting the equation (2.15) into (2.14), the 
overall shielding effectiveness of textile is obtained and 
given by (2.18). 
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Obtained Results: Shields with Apertures 
Results from modeling the sample with the 
characteristics described in section 1 have been obtained by 
using the equations presented above in a Matlab 
environment. Figure 2 shows the calculation of the two 
necessary components to calculate the shielding 
effectiveness according to equation (2.16). The first 
component is the shielding effectiveness due to apertures 
given by equation (2.14) and the second is the shielding 
effectiveness of compact materials at high frequencies 
given by equation (2.7). 
As seen in Figure 2, the shielding effectiveness due to 
apertures decreases at high frequencies, while there is a 
slight variation of the shielding effectiveness of compact 
materials at low frequencies. Combination of both results 
by means of equation (2.16) gives the overall shielding 
effectiveness calculation of textiles shown in Figure 4. 
As explained above, the shielding effectiveness of 
compact sheets is based on three main principles. Figure 3 
shows the parameters of reflection given by equation (2.3), 
absorption (2.5) and multiple reflections (2.6). As 
expected, the contribution of reflection to the overall 
shielding effectiveness calculation decreases at high 
frequencies, absorption increases with frequency and 
attenuation due to multiple reflections inside the shield is 
approximately 0 dB at frequencies above 100 MHz. The 
sum of all three components gives as result the ESEsheet 
curve shown Figure 2, which corresponds to the shielding 
effectiveness of compact materials at low frequencies. 
 
Finally, Figure 4 shows the overall calculation of the 
shielding effectiveness of material with apertures of the 
sample, compared to its measured shielding effectiveness. 
Regardless of the ±2 dB uncertainty due to the 
measurement method, there is a considerable difference 
between the results obtained from modeling the sample and 
the ones obtained from measurements.  
For instance, the modeled shielding effectiveness at   
1 GHz is around 36.5 dB, while measurements show that is 
42.1 ± 2 dB. Therefore, in the worst-case scenario, the 
actual shielding effectiveness is 40.1 dB, leading to a 
difference of 3.6 dB between the shielding effectiveness of 
the modeled sample and measurements. Section 5 will 
show a comparison between all three models and determine 
which one that is closer to the actual shielding 
effectiveness. 
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Fig. 2. Aperture and sheet shielding effectiveness’s 
coefficients. 
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Fig. 3. Reflection, absorption and multiple reflections 
coefficients. 
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Fig. 4. Modeling of the sample as material with apertures. 
3. Modeling of Wire Mesh Barriers 
This section describes the method used to model the 
electromagnetic shielding behavior of wire-mesh screens 
[5]. The main goal is to find out if a conductive textile can 
be modeled as a wire-mesh screen without a major error in 
the calculation. 
Wire-mesh screens are of convenient application in 
areas such as the screening of rooms or big scenarios 
because of saving material, compared to compact sheet 
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screens. The advantage is lower cost and reduced weight 
per unit area. This method considers that the mesh 
dimensions are small compared to wavelength, the wire is 
circular and the mesh holes are square as Figure 5 shows. 
Wire mesh screens with bonded junctions can be 
described by their equivalent sheet impedance for a screen 
with square meshes of dimensions as x as. Using Cartesian 
coordinates to represent its equivalent sheet impedance it is 
possible to obtain the parameters Zs1 and Zs2 [5]. Zs1 
corresponds to the sheet impedance for perpendicularly 
polarized plane waves (3.1), while Zs2 corresponds to the 
effective sheet impedance for parallel-polarized plane 
waves (3.2), 
 ssws LjaZZ  '1  (3.1) 
 
 2
12 sin
2
s
ss
Lj
ZZ   (3.2) 
where θ is the angle of incidence with respect to the 
normal direction to the mesh, Ls is the sheet inductance 
given by (3.3), rw is the radius of the mesh wires and as the 
mesh aperture size. Zw’ is the internal impedance per unit 
length expressed as (3.4), 
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where k0 = ω(μ0ε0)
1/2
 is the free-space wavenumber, 
τw = (μσrw
2
) is the diffusion time constant, Rw
’
 = (πrw
2σ)-1 
is the dc resistance per unit length of the mesh wires and In 
denotes the modified Bessel function of the first kind of 
order n. 
On the one hand, reflection and transmission 
coefficients for perpendicularly polarized plane waves are 
(3.5) and (3.6) respectively. 
 

2
10
0
1 sin
cos2 sZZ
Z
R


  (3.5) 
 


cos2
cos2
10
1
1
s
s
ZZ
Z
T

  (3.6) 
On the other hand, reflection and transmission 
coefficients for parallel-polarized plane waves are (3.7) and 
(3.8) respectively. Figure 6 show the difference between 
the incidence of parallel-polarized plane waves and 
perpendicularly polarized plane waves to a shield. 
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Fig. 5. Wire mesh with square apertures and bonded junctions 
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Fig. 6. Angle of incidence with respect to the normal 
incidence to a shielding barrier [5]. 
The shielding effectiveness for plane waves is defined 
as 
     2,12,1 log20 TSE   (3.9) 
where in the case that the mesh wires are perfectly 
conducting, it is defined as (3.10) for perpendicularly 
polarized plane waves and as (3.11) for parallel-polarized 
plane waves. 
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However, the polarization direction is likely 
unknown. Therefore, it must come into consideration a 
polarization-independent shielding effectiveness SE0 given 
by 
      







2
2
2
10
2
1
2
1
log10  TTSE  (3.12) 
Obtained Results: Wire Mesh Barriers 
In this section, the textile sample has been modeled as 
a wire mesh screen. Although, the real dimensions of 
apertures is 220 μm x 120 μm, the equations described 
above requires of square apertures. Therefore, square 
apertures of dimensions 220 μm x 220 μm have been 
considered since the shielding effectiveness is mainly 
affected by the highest dimension of an aperture.  
Figure 7 shows the calculation of the shielding 
effectiveness of the sample, modeled as an electromagnetic 
wire mesh barrier that is compared to its measured 
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shielding effectiveness. Although both curves are flat and 
proportional, for instance there is an offset of 3.2 dB 
between them at a frequency of 1 GHz. However, due to 
the uncertainty of measurements it can be considered that 
there is a minimum error of around 1 dB which can be 
considered as a good approximation.  
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Fig. 7. Modeling of the sample as wire mesh. 
4. Modeling of Compact Materials 
This section describes the method used to model the 
electromagnetic shielding behavior of compact sheet 
screens [6]. The main goal is to find out if a conductive 
textile can be modeled as a compact screen without a major 
error in the calculation. It can be possible since a mesh 
screen can be viewed as a compact screen for a range of 
frequencies. 
This section presents a theoretical model for 
multilayered structures to calculate its shielding 
effectiveness, which is based on the transmitted wave 
matrix in the far field area [6]. Fig. 4 shows the 
transmission and reflection scheme of an N-layers 
structure. 
Considering that all layers are isotropic and 
homogeneous, the intrinsic impedance of the i
th
 layer Zi is 
given by 
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The characteristic matrix of the i
th
 layer is given by 
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where εi’ is the real part of the complex permittivity 
of the i
th
 layer given by εi
*
=εi’-εi’’ and ki is the 
wavenumber, defined by 
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Fig. 8. Transmission and reflection of an EM wave with 
normal incidence [6]. 
The characteristic matrix of the whole structure is 
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and both reflection and transmission coefficient of the 
whole N-layered structure is given by (3.18) and (3.19) 
respectively. 
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The shielding effectiveness takes into account the 
transmission parameter (3.19), which is therefore given by 
 TSE log20  (4.7) 
Obtained Results: Compact Materials 
This section shows the results obtained from 
modeling the textile sample as a compact electromagnetic 
barrier. A good approximation is expected because the 
higher dimension of apertures in the textile, 220 μm, is 
much lower than the wavelength at 1.5 GHz,            
λ|f=1.5GHz = 0.2 m, so the textile barrier’s behavior as an EM 
shield is expected to follow the one of a compact 
electromagnetic barrier.  
Figure 9 shows the calculation of the shielding 
effectiveness of the given sample, modeled as an 
electromagnetic compact barrier and compared to its 
measured shielding effectiveness. The figure shows a good 
approximation to the actual values of shielding 
effectiveness. At an example frequency of 1 GHz, the 
measured shielding efficiency is equal to 42.1 ± 2 dB, 
while the modeling of Sample A as a compact 
electromagnetic barrier gives a shielding effectiveness of 
43.5 dB. Therefore, it is inside the uncertainty margin of 
error given by the measurement method. Next section 
shows a comparison between all three models and 
determines which one that is closer to the actual shielding 
effectiveness. 
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Fig. 9. Modeling of the sample as compact material. 
5. Comparison among models 
Figure 10 shows the shielding effectiveness of the 
given sample for all three models described above and the 
actual values obtained from measurements. At a frequency 
of 1GHz, the modeling of textile barriers as wire mesh has 
a minimum error of 1dB. The modeling of the given textile 
as material with apertures has a minimum error of 3.6 dB. 
The shielding effectiveness obtained from modeling the 
sample as an electromagnetic compact barrier is inside the 
uncertainty margin given by the measurement method. 
Therefore, the model that is closer to the measured values 
is the modeling of the given sample as an electromagnetic 
compact shield.  
The real shielding effectiveness of a conductive 
textile is expected to decrease with frequency, as the 
contribution of apertures to decrease its shielding 
efficiency is higher at high frequencies. It can be slightly 
noticed in the measurements and the modeling of wire 
mesh barriers and shields with apertures. However, the 
shielding efficiency of compact materials generally 
increases with frequency since the absorption is higher at 
high frequencies.  
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Fig. 10. Comparison among models. 
6. Conclusion 
Three methods have been shown in order to model the 
shielding effectiveness of different type of materials. The 
first method is focused on modeling shielding barriers with 
apertures. The second method models wire mesh screens, 
and the third models the shielding effectiveness of 
electromagnetic compact barriers. A given sample has been 
measured and modeled with every method and a shielding 
effectiveness of 44 dB at 1 GHz has been achieved with 
only one layer of conductive textile. 
The worst results have been given by modeling the 
conductive textile as an electromagnetic shield with 
apertures, considering every small aperture as an antenna. 
It has shown an error of 5.6 dB at 1 GHz 
In the case of the wire mesh model, an error of 3 dB at 
1 GHz with respect to measurements has been detected. It 
is outside the uncertainty margin of ±2 dB due to the 
measurement method, but it is still a good approximation.  
Finally, by modeling the given conductive textile as 
an electromagnetic compact barrier has achieved the best 
results compared to measurements. Obtained values have 
been shown to be inside the uncertainty margin of the 
measurement method.  
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